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ABSTRACT
Welding engineers recognize that the rapid cooling of molten steel
increases its yield point, ultimate strength and hardness but greatly
reduces its ductility. Moreover, after the deposited weld metal and
the fused base metal have solidified, they have a much higher tem-
perature than the adjacent base metal, and, as they cool, their normal
thermal shrinkage is resisted by the adjacent base metal. This action
produces residual stresses in the weld metal and base metal, tension
in and immediately adjacent to the weld, and compression in the base
metal farther from the weld. There is considerable uncertainty in the
minds of engineers as to how seriously this combination of low duc-
tility and high residual stress affects the load-carrying capacity of
welded joints connecting steel plates. The investigation described in
this bulletin was planned to throw some light on this question.
An analysis was developed for determining the residual stresses
produced when two plates are joined by a longitudinal weld, and two
series of tests were made to verify this analysis. For one series, each
specimen was a plate 5 in. x % in. with a longitudinal butt weld in the
middle. For the other series, each specimen was a plate 12 in. x % in.
with a longitudinal butt weld in the middle. For both series, the resid-
ual stresses were determined experimentally by the method of relax-
ation; and residual stresses were found in the weld and heat-affected
base metal equal, approximately, to the yield point of the unaffected
base metal. Moreover, a narrow strip containing the weld had a much
higher yield point, a somewhat higher ultimate strength and a much
lower ductility than the unaffected base metal.
Tests of the specimens with a longitudinal butt weld verified the
analysis insofar as the average-stress-average-strain relation was con-
cerned. The ductility of the welded specimens was much greater than
the ductility of the narrow strip containing the weld, and, as a result,
the strength by test was somewhat greater for plates with a longitudi-
nal butt weld than for similar plates without a weld. But, although
the ductility by test was greater for the plate with a longitudinal weld
than it was for the narrow strip containing the weld, the ductility was
somewhat less for the plates with a longitudinal butt weld than it was
for the plate without a weld. Moreover, the ductility by test of a plate
with a longitudinal butt weld was greater for plates 40 in. wide than
it was for plates 12 in. wide, and it was greater for plates 12 in. wide
than it was for plates 5 in. wide.
ABSTRACT (CONCLUDED)
The residual stresses in plates with circular welded seams were
determined by the relaxation method and it was found that there were
nearly equal bi-axial stresses in the weld and in the circular area
enclosed by the weld, and these stresses were of the order of the yield
point of the unaffected base metal. Nevertheless, failure for all speci-
mens was on a section outside of the circular welded seam, and the
strength and ductility adjacent to the section of failure was approxi-
mately the same as for a similar plate without welds.
Thirteen specimens 5 in. x 7 in. were tested in fatigue on a cycle
in which the stress varied from tension to an equal compression. Of
these, eleven specimens had longitudinal butt welds and two were
plates without welds. All specimens were planed and draw-filed before
testing to eliminate the stress-raising effect of the as-rolled surfaces of
the plate and of the rippled surface of the weld. Of the eleven welded
specimens, four were loaded statically to the yield point in tension,
and then unloaded in order to reduce the residual stresses before the
specimens were tested in fatigue. The rather small number of fatigue
tests that were made indicated that, for specimens consisting of a 5 in.
x % in. steel plate with a longitudinal butt weld with the surfaces
planed and draw-filed, the fatigue strength was somewhat less for
specimens with welds than it was for specimens without welds, and
the fatigue strength was slightly greater for specimens that had been
stress-relieved by loading in tension and relieving, than it was for the
welded specimens that had not been stress-relieved.
A summary of the conclusions is given in Section 16, pages 76 to
78, inclusive.
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RESIDUAL STRESSES IN WELDED STRUCTURES
I. INTRODUCTION
1. Object and Scope of Investigation.-A large number of tests
have been made which indicate that when two pieces of steel are
welded together, thermal stresses are produced in the material due to
the steep thermal gradient that exists in the vicinity of the weld when
it has been completed. Moreover, when two plates are connected with
a butt weld, the thermal stresses parallel to the weld are approximately
equal to the yield point of the steel, and the yield point of the steel
immediately adjacent to the weld is increased by its rapid cooling.
Although thermal stresses are known to exist in the vicinity of all
welds, it seemed desirable to obtain more detailed information relative
to the strength and ductility of the resulting member.
The object of the investigation reported in this bulletin was to
determine the magnitude of thermal stresses due to welding, and to
determine the strength and ductility of the resulting weld. The speci-
mens were limited to welded plates of A.S.T.M., A7 steel. The strength
and ductility were determined by analyses and by tests. Some speci-
mens were tested statically, others were tested in fatigue.
2. Acknowledgments.-This bulletin is based upon a thesis by DR.
CHAO-CHIEN HAO submitted in partial fulfillment of the requirements
for the degree of Doctor of Philosophy in Engineering in the Graduate
School of the University of Illinois, 1945. This thesis was written under
the supervision of PROFESSOR WILBUR M. WILSON. Some portions of
the work were done in the laboratory of the Department of Mining
and Metallurgical Engineering under the direction of PROFESSOR W. H.
BRUCKNER.
The direct expenses of the tests made by DR. HAO were paid from
funds contributed by the Chicago Bridge and Iron Company.
The tests reported in Section 8 were commercial tests made by
PROFESSOR WILBUR M. WILSON for the Linde Air Products Company,
and the results have been included in this bulletin with the knowledge
and consent of the Company.
II. RESIDUAL STRESSES BY ANALYSES
3. Formation of Residual Stresses.-The following explanation of
the formation of residual stresses is presented as an introduction to a
discussion of the analyses which follow.
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It is well known that when a steel tensile specimen is stretched
beyond the yield point, the stress-strain curve during the releasing of
the load is approximately a straight line with slope equal to E. There
is a permanent elongation, equal to the plastic deformation, set up in
the specimen. Similarly, when the thermal strain at any point in the
body exceeds the elastic strain corresponding to the yield-point stress,
plastic deformation will occur which will not disappear when the
temperature returns to the initial condition, and residual stresses are
produced.
This can be illustrated by a simple example. Consider three steel
bars of equal length and section connected by two rigid blocks at the
ends, as shown in Fig. 1. If the two side bars are kept at room
temperature and the middle bar is heated to 1100 deg. F. and then
cooled to room temperature, residual stresses will be set up in the
middle bar.
The diagram of Fig. 1, plotted with the stress in the middle bar
against temperature, shows how the thermal residual stresses are pro-
duced. For equilibrium following a change in temperature of the middle
FIG. 1. STRESS-TEMPERATURE CURVE FOR MIDDLE BAR OF A THREE-BAR FRAME
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bar, the stress in each side bar is always equal to half the stress in
the middle bar and opposite in sign. During the elastic stage, the
stresses in the bars must satisfy the equation
Sm/Et + aAT = SI/E
in which Sm and S. are stresses in the middle and side bars, respec-
tively, Et and E are the moduli of elasticity at temperatures T and
the original room temperature, respectively, a is the coefficient of
thermal expansion, and AT is the increment of temperature considered.
This equation is represented by curve a-b of Fig. 1. In determining
the curves of Fig. 1 for a given steel, the fact that E, a and the yield
point, p., are functions of the temperature, as indicated by the diagrams
of Fig. 2, should be taken into consideration.
The stress in the middle bar reaches the yield point in compression
when the temperature is approximately 340 deg. F. (point b, Fig. 1).
The yield point is assumed to be 35 000 lb. per sq. in. at room temper-
ature, and varies with the temperature, as shown by the curve of Fig.
2c adopted from Rodgers and Fetcher. Beyond point b, as the temper-
ature rises, the stress in the middle bar is limited to the yield point at
each corresponding temperature. This plastic stage is represented by
curve b-c, Fig. 1.
When the temperature decreases below 1100 deg. F. the action in
the middle bar is elastic again. The compressive stress in the middle
bar drops rapidly, changes to tension, and soon reaches the yield point
in tension at 785 deg. F. (point d, Fig. 1). This elastic stage is repre-
sented by curve c-d. Then, as the temperature decreases further, once
more the stress in the middle bar is limited to the yield point at each
corresponding temperature. This plastic stage is represented by curve
d-e. Thus a residual tensile stress equal to the yield point at room
temperature is set up in the middle bar. The residual stress in the
side bars is compression, and is equal to one-half of the tensile stress in
the middle bar.
The diagram of Fig. 1 indicates that
(1) The residual stress in the middle bar due to heating it to 600
deg. F. and cooling will be as great as that produced by heating it to
any higher temperature, providing the cooling is slow (see Fig. 1,
curve abb'e).
(2) Further heating and cooling of the middle bar does not affect
the residual stress; it remains at the yield point (see Fig. 1, curve
eb'cde).
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Temperafure ' d eg. /.
1. Martens, A., Mitt. aus d. Konigl. techn. Versuchsanstalt, 1890.
2. Lea and Crowther, Engineering, Vol. 98, p. 488, 1914 (mild steel).
3. Tapsell and Clenshaw, Dept. of Science and Industrial Research, Eng. Res. Spec. Rpt. No. 1,
p. 8, 1927 (0.24% mild steel).
4. Timoshenko, "Strength of Materials," Part II, p. 699, 1930.
5. Rodgers, 0. E., and Fetcher, J. R., Journ. Amer. Welding Society, Res. Supp., p. 5, Nov. 1938.
FIG. 2. RELATION BETWEEN THE TEMPERATURE OF STEEL AND
ITS PHYSICAL PROPERTIES
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(3) For a given steel, variations with temperature, of the modulus
of elasticity, coefficient of thermal expansion, and yield point, from
values used in constructing the diagram of Fig. 1, do not affect the
residual stress due to heating and cooling.
The behavior of a butt weld connecting two plates is very similar
to the behavior of the middle bar of the structure of Fig. 1. The
molten weld metal deposited in the joint heats the immediately adja-
cent base metal to a red heat, then they cool together down to atmos-
pheric temperature. The weld and the adjacent metal resemble the
middle bar, and the metal farther away from the weld resembles
the side bars. The restraint offered by the base metal in a wide welded
plate is much greater than that of the side bars in the example. The
temperature gradient across the weld is steep but continuous, and
the residual stress in the weld may be as high as the yield point of the
base metal.
The problem of residual stresses in welds is complicated by the
fact that the physical properties of metal vary with the temperature,
and also because plastic deformation is involved. Elastic equations
which contain E, i, Poisson's ratio, and a as variables have been de-
rived.* But, as in the case of the ordinary general equations in the
theory of elasticity, a direct solution of these equations is not avail-
able. Besides, since the fundamental cause of residual stresses is plastic
deformation, any solution which does not take account of this can not
be considered rational. Rigorous mathematical treatment of this prob-
lem is practically impossible. However, a solution of simple cases
based on appropriate assumptions will give some idea of actual stress
distribution in complicated assemblies.
Some theoretical approaches to the problem of residual stresses'
in a plate are described in the following sections. Due to limited space,
only basic assumptions, fundamental principles, and an outline of pro-
cedure are stated. For more complete details, reference is made to the
original papers.
4. Elastic Theory.-
Griining's Solution
The simplest problem in residual-stress analysis is to find the
residual stresses in a rectangular plate with a butt weld along the
center line. Griiningt developed a solution of this problem by assuming
* Toyotaro Suhara: Thermo-elastic Equations When the Moduli of Elasticity Are Given as
Functions of the Coordinates; Proc., 3rd Intern. Cong. Appd. Mech., Part II, p. 90.
t Griming: Die Schrumpfspannungen beim Schweissen; Des Stahlbau, July 6, 1934; pp. 110-112.
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that the residual stresses in such a plate are equal to the thermal
stresses that would be produced by cooling the plate to room tempera-
ture from an initial temperature which represents the highest temper-
ature at each point ever attained during welding. He limited the
highest temperature to 600 deg. C. (1112 deg. F.), because it was
assumed that above this temperature the steel is in a plastic state. To
take care of the fact that the modulus of elasticity decreases with an
increase in temperature, he used an average modulus equal to three-
fourths of the modulus at room temperature. He assumed also that
the coefficient of linear thermal expansion is constant and equal to
0.000011 per deg. C. (0.0000061 per deg. F.).
With these assumptions, the problem is resolved within the field
of the theory of elasticity. Since the thickness of the plate is usually
small in comparison with other dimensions, the residual stresses in the
plate are considered to be two-dimensional. The general equation as
expressed in terms of Airy's function, F, is
/ 02T 02T
V 4F = aE- +--.
F= \ x 2  9y2 /
This equation can be solved by using difference equations as in slab
problems.
Griining took a square plate and divided it into 36 small squares,
and his analysis required the solution of nine simultaneous difference
equations. He presented solutions of four different 'temperature
gradients.
He did not take into account the change in the stress-strain
relation at the yield point. In one case, where the temperature gradient
was supposed to represent that actually obtained in arc-welding, the
maximum longitudinal residual stress in the weld was reported to be
as high as 4560 kg. per sq. cm. (64 900 lb. per sq. in.) tension. It is
believed, however, that the yield point of the weld metal might have
had this value. Griining's solution for a square plate is shown in
Fig. 3a. Transverse as well as longitudinal residual stresses were
determined.
Solution by Fourier's Series*
Approximately the same results can be obtained by employing
Fourier's series. With the same assumptions as in the foregoing, the
residual stresses can be expressed as a longitudinal tensile stress equal
*By Hao.
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FIG. 3. RESIDUAL STRESSES IN A SQUARE PLATE WITH LONGITUDINAL WELD
ON THE CENTER LINE, BY ANALYSES
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to EaT, combined with the stresses due to a nan-uniform pressure equal
to EaT applied at the ends.* General solution for the stresses in a plate
due to a non-uniform pressure, represented by sine or cosine functions,
applied at the ends, has been represented by Timoshenko in "Theory
of Elasticity," p. 44. In this particular case, EaT is expressed as
a Fourier's series
EaT = Ik,,cos(mwrx/w) = ko + kicos(7rx/w) + k2cos(2irx/w).
where, in addition to the terms already defined, the following nota-
tion is used:
m = zero or integer representing number of term in series
km = arbitrary coefficient for mth term in series
w = 1Y width of plate
S represents summation for all m values from zero to infinite.
2F a2F )2F
Then the stresses will be Sx = , S, = , and Sxy = -- in
Oy2  Ox2  Ox8y
which
F = Ik,,cos (mirx/w) (Clcosh mry + Cysinh my
The quantities Sx, Sy, and Sxy
represent the normal and shearing
stresses, where, for example, S., is
the normal stress on sections per- r
pendicular to the x-axis, and is
positive for a tensile stress. The
quantities Cim and C4m are arbi- ->-
trary constants, different for each
value of m, but are not defined for
m = 0. For m = 0, the only stress 1
is a stress in the y-direction equal
to the average value of the stress
applied at the ends of the plate.
The constants Cim and Cm,,,, as +---w < w---
determined from the conditions Fia. 4. RECTANGULAR PLATE WITH
that on the edges, Fig. 4, y = + LONGITUDINAL BUTT WELD
nw, the shearing stresses must be ON CENTER LINE
* See Timoshenko, "Theory of Elasticity," p. 207; McGraw-Hill Book Co., N. Y., 1934.
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equal to zero, and the normal stress must be equal to the applied
pressure, are as follows:
= sinh mn + mnr cosh mnvr w 2
sinh mn7r cosh mnr + mnr mv
S= -sinh mnvr w )
sinh mnvr cosh mnr + mnlr \ m
For a square plate (n = 1) the longitudinal stress across a sec-
tion at the middle of the plate, due only to the edge compression,
will be
S, = [-ko + 0.35007kicos (.rx/w) + 0.02720k2cos (2vrx/w)
+ 0.00168k 3cos (3rx/w) + ................ .]
and for a plate with a length twice as great as the width (n= 2)
such stress will be
S, = [- ka + 0.02720kicos (lrx/w) + 0.00009k2cos (27x/w) + ..... ] .
It can be seen that the series converges very rapidly when the plate
is long relative to its width, and for a long plate, the only term of im-
portance in S, is the average compressive stress corresponding to the
term kco. The trigonometric terms represent a correction near the ends
only, for the end effect.
The normal stresses on the edges x = _ w, as given by this solu-
tion, are not equal to zero. For a long plate, it can be assumed that to
eliminate these stresses so that the edges x = ± w will be stress-free,
does not affect the distribution of other stresses. For a short plate, i.e.,
a plate with a length much less than the width, these stresses are very
small and can be neglected. For plates which are nearly square, these
stresses are not negligible and their elimination does affect the other
stresses. The effect due to eliminating the normal stresses on the edges
x = ± w can be obtained by using the foregoing solution, but inter-
changing the axes. Thus, by adjusting the stresses on the edges suc-
cessively, a true stress distribution for all edges free from external
stress can be obtained. The stresses on edges produced by pressures
applied on other perpendicular edges converge rapidly. For practical
purposes, one or two adjustments will be sufficient.
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A complete solution, including the tensile stresses, for a square
plate with a welded seam on the center line is presented in Fig. 3b.
Two adjustments were made for eliminating the stresses on edges. The
results are in agreement with those obtained by Griining, given in
Fig. 3a.
5. Plastic Theory.-
Solution by Boulton and Lance Martin
The first well-developed theory which takes account of plastic
deformation was published by Boulton and Lance Martin.* The basic
assumption was that, in a long plate, the longitudinal strain varies
linearly with respect to x across the whole width of the plate, except
in cross sections near its ends. This has been found to be approxi-
mately true by actual strain measurements.
In the case of a plate with weld beads deposited along one edge,
they divided the plate into three regions, as shown in Fig. 5:
(1) Elastic region-region to the right of line aa'. The deformation
in this region during the entire welding process was elastic.
(2) Plastic region I-region between lines aa' and bb'. The com-
pressive strain in this region was plastic when the rising temperature
was near its maximum, but the
strain during subsequent cooling '
was entirely elastic. The criterion
for determining the position of line
aa' is that, at the instant when the
temperature at A reaches its maxi- .
mum, the stress at A must have
just reached the yield point in A
compression corresponding to that - - - ection unoer
temperature. C onsvderai'on
(3) Plastic region II-region
between the weld and line bb'. The
compressive strain in this region
was plastic when the rising temper-
ature was near its maximum, but
the tensile strain was plastic when "/ ,/
the region cooled to room temper- FIG. 5. PLATE WITH WELD ON
ature. The criterion for determin- ONE EDGE
* Boulton and Lance Martin, "Residual Stresses in Are-welded Plates"; Proc., Inst. of Mech.
Engrs., Vol. 133, pp. 295-347; London, 1936.
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FIG. 6. RESIDUAL STRESSES IN A 6-IN. PLATE BY BOULTON AND LANCE MARTIN
ing line bb' is that, when the section cooled to room temperature, the
stress at B must have just reached the yield point in tension.
The temperature gradient across the section at any instant was
determined by a theoretical formula. Stress-strain relations in all
regions were established. Of course the stress in the plastic region was
limited to the yield point corresponding to the temperature. The stress
was determined by applying the conditions of static equilibrium. It is
necessary to locate by trial, first the line aa' and then the line bb'.
After this has been done, the complete solution of the residual stress
can be obtained.
In cases where symmetry exists, like the one presented in the
original paper where weld beads were deposited along both edges of
the plate, or where the weld is along the center line of a plate, the
strain across a section is considered to be constant and the solution
is simpler.
The results obtained by this theoretical approach, for a plate with
weld beads on one edge and for a plate with weld beads on both edges,
are shown in Fig. 6.
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FIG. 7. RESIDUAL STRESSES IN A 30-IN. x 3-IN. x 30-IN. PLATE BY
RODGERS AND FETCHER
Solution by Rodgers and Fetcher
A solution of thermal residual stresses in a plate with a thermit
weld on the center line was presented by Rodgers and Fetcher.* Their
basic assumption was that plane cross sections remain plane during
the temperature change, and that the end effect can be neglected.
Under these conditions, there will be no transverse nor shearing
stresses, and the longitudinal stress can be expressed as
S, = +EaT - EaTdx,
2w f-,
in which T is positive for a rising temperature, and positive S, indi-
cates tension. The second term on the right represents merely a uni-
form compression equal to the average value of the tension correspond-
ing to the first term. The temperature at various points on the cross
section was determined by actual measurement and was computed by
an equation which they presented. The two values were in fair
agreement.
To take care of the fact that E and a vary with the temperature,
the time intervals were taken so small that E and a could be consid-
ered constant for each interval. The residual stresses were obtained by
adding, successively, the stress increments thus obtained. The stress at
* Rodgers and Fetcher: The Determination of Internal Stresses From the Temperature
History of a Butt-welded Plkte; Journ. Amer. Welding Society, Vol. 17, No. 11; Nov., 1938, pp.
WRS 4-7.
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any point is limited to the yield point corresponding to the tempera-
ture at that point.
The residual stresses in a square plate (30 in. x % in. x 30 in.) ob-
tained by this method, using 37 time intervals, are shown in Fig. 7. The
full line represents computed values, and the circles represent measured
values. The discrepancy between the computed and the measured
stresses near the edges may be due to the fact that the end effect is
not negligible.
A unique feature of this method is that a complete history of
stress variation during the welding process can be obtained.
III. BEHAVIOR OF WELDED SEAMS UNDER LOADS
6. Analysis by Hao.-It is known that the residual longitudinal
stress in butt welds connecting plates may be as high as the yield
point of the weld metal and heat-affected base metal, which is
usually somewhat higher than the yield point of the unaffected base
metal. The weld metal also has a higher ultimate strength but lower
ductility than the unaffected base metal. Ductility is considered a de-
sirable property of steel. Steels of low ductility are not considered to
be so suitable for structures as those of higher ductility. It is, there-
fore, in order to ask (1) How does the presence of high residual
stresses and a strip of less ductile metal in a welded assembly affect
its behavior? and (2) Does their presence reduce the strength of the
structure?
Residual stresses may be uni-axial, bi-axial, or tri-axial; also the
stresses produced by load may be uni-axial, bi-axial, or tri-axial. The
simplest combination would be uni-axial load stress on uni-axial resid-
ual stress with their axes parallel. This is also a fundamental case
of practical importance.
The following analysis was made to determine the behavior of
welded seams under uni-axial load. Consider a 10-in. plate made of
two A.S.T.M., A-7 steel plates of equal width connected by a longi-
tudinal butt weld. It is assumed (1) that the physical properties of
the weld, of the heat-affected base metal, and of the unaffected base
metal can be represented by the stress-strain curves shown in Fig. 8;
(2) that the residual stresses in the plate are as shown by the heavy
line 00' of Fig. 9, which is so located that the resultant area between
00' and the base line, OABC, equals zero; and (3) that the yield
point of the metal at different distances from the center line of the
ILLINOIS ENGINEERING EXPERIMENT STATION
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FIG. 8. STRESS-STRAIN CURVES FOR VARIOUS PORTIONS OF A WELDED PLATE
AND FOR THE PLATE AS A WHOLE
plate, conforming to those shown by the stress-strain curves of Fig. 8,
is shown by the heavy line dd' of Fig. 9. Due to symmetry, only half
of the plate is shown in the figure. All the figures are hypothetical, but
are believed to be representative for a welded plate.
Consider now that the plate of Fig. 9 is stretched due to the appli-
cation of an external load at the ends. It is assumed that a plane
section will remain plane during a considerable stretching. The curves
of Figs. 38 and 39 show that this is substantially true. With the appli-
cation of a small load, there will be very little increase of stress in and
adjacent to the weld, since the residual stress in the weld and the
near-by base metal is nearly equal to the yield point. But in the re-
maining portion of the plate, the stress will increase proportionally to
the strain. The line aa', Fig. 9, which is drawn at a constant distance
of 15 000 lb. per sq. in. (strain = 0.0005 in. per in.) above 00', repre-
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sents the stress in the portion of the plate to the right of A when the
plate has been stretched 0.0005 in. per in. The stress in the weld and in
the nearby base metal, from 0 over to point A, which has been in-
creased to the yield point at this strain of 0.0005 in. per in., is shown
by the left portion d'a' of curve dd' of Fig. 9. The stress distribution
across the entire width of the plate for a strain of 0.0005 in. per in. is
thus shown by the line d'a'a of Fig. 9. Since the resultant of the resid-
ual stresses is equal to zero, twice the resultant area between the base
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line and curve d'a'a is the load necessary to stretch the plate to a
strain of 0.0005 in. per in. This load is found to be 131 000 lb. per
in. of the thickness of the plate, and the average stress in the plate is
13 100 lb. per sq. in. These values, strain 0.0005 in. per in., and aver-
age stress 13 100 lb. per sq. in., give the point a of the stress-strain
curve for the plate as a whole, shown in the inset of Fig. 8.
If the plate is now stretched to a total strain of 0.001 in. per in., the
stress in the weld and nearby base metal, from 0 to A, remains at the
yield point, but the stress in the metal between A and B increases to
the yield point, while the stress in other portions of the plate, from B
to the edge, increases by 15 000 lb. per sq. in. The stress distribution
across the plate for this strain of 0.001 in. per in. is shown by curve
d'b'b of Fig. 9, and the line b'b is the constant distance of 15 000 lb.
per sq. in. above the corresponding portion of the line a'a. The load
necessary to produce this strain, twice the resultant area under curve
d'b'b, is 242 000 lb. per in-, and the average stress is 24 200 lb. per sq.
in. The point b in the inset of Fig. 8 represents the stress-strain rela-
tion of the plate as a whole corresponding to that shown by curve
d'b'b of Fig. 9. Similarly, curve d'c'c of Fig. 9 shows the stress distri-
bution across the plate at a strain of 0.0015 in. per in., and point c in
the inset of Fig. 8 represents the stress-strain relation of the plate as a
whole corresponding to curve d'c'c of Fig. 9.
As the strain increases, the stress over most of the plate reaches the
yield point; and when the stress over the whole plate reaches the yield
point, the plate yields as a whole. For the problem being considered,
the stress over all the plate reaches the yield point when the strain
reaches 0.0018 in. per in:, and the stress distribution across the plate is
shown by curve d'd in Fig. 9. The corresponding stress-strain relation
for the plate as a whole is shown by point d in Fig. 8. The yield point
of the plate as a whole is equal to the average yield point over the
whole width of the plate, i.e., the average ordinate of curve d'd of Fig.
9, which is 37 100 lb. per sq. in. Since the yield point of the weld and
the nearby metal is generally higher than that of the base metal, the
welded plate always has a higher yield point than the plate without
a weld.
When the plate as a whole is stretched beyond the yield point, the
stress at all parts of the plate increases. The stress distributions across
the plate at strains of 0.02, 0.04, 0.06, 0.08, 0.10, and 0.12 in. per in.
are shown by curves ee', ff', gg', hh', ii', and jj' of Fig. 9, respectively.*
These curves are constructed on the principle that the increase in stress
* The exact shape of these curves depends upon the shape of that portion of the stress-strain
curve in the plastic range of the various portions of the plate.
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at a point is in accordance with the stress-strain curve for that point.
As previously stated, twice the resultant area under each curve repre-
sents the load necessary to produce the strain. The stress-strain rela-
tion for the plate as a whole at strains of 0.02, 0.04, 0.06, 0.08, 0.10, and
0.12 in. per in. is shown by points e, f, g, h, i, and j, respectively, of the
heavy-line curve of Fig. 8.
When the plate as a whole is stretched to the maximum elongation
of the weld acting as an independent strip, in this case assumed to be
12 per cent, it might be expected that the weld would break, and the
fracture progress across the adjacent base metal. But actually the
weld is monolithic with the base metal, and the base metal adjacent
to the weld enables the weld to stretch more than it would as a sepa-
rate strip.* This being true, the plate will break at an elongation
somewhat greater than the 12 per cent which has been assumed for the
weld acting as a separate strip.
One way of relieving the residual stresses is to apply and remove
an external load parallel with the residual stress. The principle in-
volved is that, if steel is stretched beyond the yield point and unloaded,
the recovery is elastic. Thus, if the plate of Fig. 9 is loaded to an aver-
age stress of 36 000 lb. per sq. in., corresponding to a strain of 0.00168
in. per in. (point m in the inset of Fig. 8), most of the plate is
stretched beyond the yield point. The stress distribution across the
plate at this strain is shown by curve d'm'm of Fig. 9. Upon releasing
the load, the plate as a whole will act elastically and in accordance
with line mn of Fig. 8. The residual stresses in the plate are reduced
to those shown by curve n'n of Fig. 9, which is drawn at a constant
distance of 36 000 lb. per sq. in. (strain - 0.0012 in. per in.) below
d'm'm, and the plate is elongated by 0.00048 in. per in., represented by
0-n of Fig. 8.
Following the analysis explained in the foregoing, it is evident that,
if the plate is reloaded to destruction, it will behave in the same way
as it would if it had not been preloaded, except for the stress-strain
relations at the low loads.
From this discussion, the following conclusions may be drawn:
(1) For a given applied average stress below the yield point of the
base metal, welded plates are strained much more than similar plates
without a weld, a fact attributed to the presence of residual stresses.
But for a given applied average stress above the yield point of the base
metal, the welded plates deform less than plates without a weld.
*See Sections 7, 8, and 9, pp. 26, 35, and 42.
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(2) The yield point of the welded plate is equal to the average
yield point of the metal across the welded plate.
(3) Due to the fact that the weld and the heat-affected base metal
have a higher yield point than the unaffected base metal, the yield
point of the specimen as a whole is always higher than that of the
unaffected base metal.
(4) Application of a load corresponding to an average stress below
the yield point may induce a permanent deformation in a welded plate.
This does not affect the behavior of the welded plate when reloaded
beyond the average stress reached by the original loading.
(5) The analysis indicates that residual stresses due to welding
do not affect by a significant amount the static ultimate strength of
two A.S.T.M., A7 steel plates connected with a longitudinal butt weld.
7. Tests of Specimens Consisting of Two Plates Connected with
a Longitudinal Butt Weld; Series I. Specimens 5 in. x % in.-Two
series of tests were made to verify the analysis given in Section 6. The
tests were planned to determine (1) the residual stresses in a specimen
made of two plates of equal width connected by a longitudinal butt
weld; (2) the physical properties of different parts of such specimens;
and (3) the behavior of specimens containing residual stresses when
tested statically, in order to compare the actual behavior with the
behavior indicated by the analysis, using data from (1) and (2). The
specimens for these two series were narrow. The specimens for a third
series, for which only the static strength was determined, were wide.
Four specimens were'used for the tests of Series I. They were made
from a single 48-in. x 7 -in. x 8-ft. carbon-steel plate, and had the di-
mensions shown in Fig. 10. All specimens except specimen 0 had a
longitudinal butt weld on the center line over the entire length. Speci-
men 0 was a plate without weld used as a control specimen. The loca-
tion in the parent plate of each specimen is shown at the bottom of
Fig. 10. (Specimens 1, 2, 4, and 5 were used for the fatigue tests de-
scribed in Chapter V.) The specimens were flame cut from the parent
plate, as shown in the figure. The edges to be welded were planed to a
double bevel and % in. was planed off of the edges of the middle por-
tion of the flame-cut outside edges before welding. The specimens were
machined to size after being welded, thus removing an additional % in.
from the edges. Details of welds are shown in Fig. 10b.
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FIG. 10. SPECIMENS WITH LONGITUDINAL BUTT WELDS;
STATIC TESTS, SERIES I
The chemical composition of the plate as determined by mill anal-
ysis was C, 0.26 per cent; Mn, 0.49 per cent; P, 0.012 per cent; and
S, 0.028 per cent. The physical properties of the plate as determined by
tests of 11/-in. standard tension specimens were as follows:
Yield Point Ultimate Elongation Reduction
Specimen No. Yield Point Strength in 8 in. of Area
lb. per sq. in. lb. per sq. in. per cent per cent
X01................ 33 590 63 420 25.7 39.4
X23................ 33 170 63 870 22.3 29.1
X45................ 33 900 63 980 25.3 37.2
X67................ 33 360 64 100 27.3 38.1
Average............. 33 500 63 840 25.2 36.0
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FIG. 12. RESIDUAL STRESSES AND PHYSICAL PROPERTIES; SPECIMEN 7
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The following procedure was used in determining the residual
stresses in specimen 7. Gage lines 8 in. long were established on
both sides of the specimen, as shown in Fig. 11. In order to relax the
stresses, the central portion of the specimen was sawed into seven strips
20 in. long and % in. wide, except the center strip, which was % in.
wide and consisted almost entirely of weld metal. Gage readings were
taken with a mechanical strain gage both before and after sawing. The
residual stresses were determined from the recovery of the specimen as
indicated by the difference between the two sets of readings. These
residual stresses are shown in Fig. 12. The maximum value, which was
34 000 lb. per sq. in. tension, occurred in the weld.
Tension specimens were prepared from the strips of specimen 7,
and the physical properties (yield point, ultimate strength, elongation,
and reduction of area) determined by tests, are given in Fig. 12. The
stress-strain curves of the three central strips are shown in Fig. 13.
The data in Fig. 12 indicate that the weld and the heat-affected base
metal had a significantly higher yield point, a slightly higher ultimate
strength, and a lower elongation and reduction of area than the unaf-
fected base metal.
The static behavior of specimen 7 was determined by the analysis
described in Section 6, using the data given in Figs. 12 and 13. The
resulting stress-strain curve is shown in Fig. 14, superimposed upon
the stress-strain curves of the various strips.* The same stress-strain
curve is also given on Fig. 15. The stress distribution for specimen 7
under various strains, as determined by analysis, is shown in Fig. 16.
Static tests were made on specimens 0, 3, and 6. The specimens
were bolted to pin-connected pulling heads to assure a true centering
of the applied load. Longitudinal strains were measured with an 8-in.
mechanical strain gage on lines 1 in. apart, five on each side of the
specimen. Specimens 3 and 6 were identical with specimen 7.
Specimen 0 was a plate without weld used as a control specimen.
It developed a yield point of 31 600 lb. per sq. in. and an ultimate
strength of 65 470 lb. per sq. in. The elongation in 8 in. was 33.4 per
cent, and the reduction of area 36.2 per cent. The stress-strain curve
for specimen 0 is shown in Fig. 15, along with those of other specimens.
Photographs of the specimen after failure are shown in Figs. 17 and 18.
Specimen 3 was pulled, successively, to stresses of 17 600, 28 200,
* The- central strip containing the weld broke at an elongation of 10 per cent. The stress-
strain curve for specimen 7 as a whole, determined by the analysis of Section 6, has been ex-
tended as a broken line to an elongation of 17 per cent, the elongation at failure for specimens 3
and 6, which were similar to specimen 7, but which were tested as a whole.
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FIG. 15. STRESS-STRAIN CURVES FOR SPECIMENS TESTED STATICALLY; SERIES I
and 37 400 lb. per sq. in., with a release of load to approximately 1500
lb. per sq. in. after each of these loads, and finally pulled to failure.
Strains during the releasing of the load were not measured. The stress-
strain curve at the right of Fig. 15 indicates that the stress-strain line
for reloading was straight. The specimen developed a yield point of
38 000 lb. per sq. in. and an ultimate strength of 67 700 lb. per sq. in.
The elongation in 8 in. was 17.3 per cent, and the reduction of area
21.8 per cent. The specimen failed squarely across, but the surface of
fracture, Figs. 17 and 18, was inclined to the plane of the specimen
about 45 degrees, indicating a shear type of failure.
Specimen 6 was pulled directly to failure without any release of
load. It developed a yield point of 38 400 lb. per sq. in. and an ulti-
mate strength of 67 020 lb. per sq. in. The elongation in 8 in. was 17.4
per cent, and the reduction of area 21.0 per cent. The fracture was of
the same type as the fracture of specimen 3 (Figs. 17 and 18), which
had been loaded and unloaded, successively, as described in the pre-
vious paragraph.
The results of the static tests of Series I are summarized in the
following table:
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Yield Point Ultimate Elongation ReductionSpecimen No. Yield Point Strength in 8 in. of Area
lb. per sq. in. lb. per sq. in. per cent per cent
Average of four coupon
specimens. ........ 33 500 63 840 25.2 36.0
No. 0 ............... 31 600 65 470 33.4 36.2
No. 3 ............... 38 000 67 700 17.3 21.8
No. 6............... 38 400 67 020 17.4 21.0
No. 7* .............. 38 500 67 000 ...
* Obtained by analysis. The ultimate strength was based on an assumed elongation of 17.0
per cent, the elongation by test of the similar specimens, 3 and 6.
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FIG. 16. STRESS DISTRIBUTION UNDER VARIOUS STRAINS, BY ANALYSIS;
SPECIMEN 7, SERIES I
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FIG. 17 (RIGHT). SPECIMENS
OF SERIES I AFTER FAILURE
FIG. 18 (BELOW). FRACTURES OF
SPECIMENS; SERIES I
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The stress-strain curves for specimens 3 and 6, determined by tests,
and the one calculated from data obtained from specimen 7 by the pro-
cedure described in Section 6, show a remarkable resemblance. The
deformation was greater for the welded specimens than for the plate
without a weld, control specimen 0, at loads below the yield point,
but was less for the welded specimens than for control specimen 0 at
loads above the yield point. The welded specimen 3 behaved elastically
during the release of the loads and the subsequent reloading. The
welded specimens had a higher yield point (average 38 200 lb. per
sq. in.), a slightly higher ultimate strength (average 67 400 lb. per sq.
in.), but a lower elongation and reduction of area than control speci-
men 0. The average elongation in 8 in. for specimens 3 and 6 was 17.4
per cent, a value that is higher than the corresponding value for the
strip of weld metal cut from specimen 7, which was 10.0 per cent.
This is believed to be due in part to the smaller ratio of width to gage
length for the strip containing the weld than for specimens 3 and 6 as a
go,
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Size 3
Vo//aie 24 t 0 V
Current /60 amp 1 /0 avmp.
Wole.* Chbp roof of /ayer / bePore maAing pwass 2.
(b)-Dela V/s of WVe/ds
(a) -Delails of Specymen.s
(c)-L ocacon oa" SpecR"lens
/i? Paren, P/ate
FIG. 19. SPECIMENS WITH LONGITUDINAL BUTT WELDS; SERIES II
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whole, and in part to the fact that the base metal adjacent to the
weld metal enabled the weld metal to elongate more than it would as
a separate strip.
8. Tests of Specimens Consisting of Two Plates Connected with a
Longitudinal Butt Weld; Series II. Specimens 12 in. x % in.-The
tests for Series II were the same as for Series I except that the section
of the middle portion of the specimens was 12 in. x % in. for Series II
instead of 5 in. x % in., as for Series I.
Four specimens were used for tests of Series II. They were made
from a single 72-in. x %-in. x 5-ft. carbon-steel plate, and had the di-
mensions shown in Fig. 19. All specimens except 0 had a longitudinal
butt weld on the center line. Specimen 0 was a plate without weld used
as a control specimen. The location in the parent plate of each speci-
men is shown at the bottom of the figure. These specimens were pre-
pared in the same manner as the specimens of Series I except that the
details of the welds, shown in Fig. 19, were somewhat different.
The chemical composition of the plate as determined by mill anal-
ysis was C, 0.25 per cent, Mn, 0.47 per cent, P, 0.018 per cent, S,
0.027 per cent, and Si, 0.06 per cent. The physical properties of the
plate as determined by laboratory tests of 1%-in. standard tension
specimens were as follows:
Yield Point Ultimate Elongation Reduction
Specimen No. Yield Point Strength in 8 in. of Area
lb. per sq. in. lb. per sq. in. per cent per cent
Y01................ 36 530 68 550 28.3 48.4
Y23................ 36 110 67 870 28.2 48.3
Average............. 36 320 68 210 28.3 48.4
The residual stresses in specimen 2 were determined in the follow-
ing manner: Gage holes 8 in. apart, as shown in Fig. 20, were
drilled on both the top and bottom sides of the specimen. In order to
relax the stresses, the central portion of the specimen was sawed into
fifteen strips 18 in. long and of different widths. The center strip, the
weld, was % in. wide; the four outside strips, two on each side, were
1 in. wide; and the remainder were % in. wide. Gage readings were
taken with a mechanical strain gage both before and after sawing. The
residual stresses, determined from the recovery of the specimen as
indicated by the difference between the two sets of gage readings, are
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FIG. 21. RESIDUAL STRESSES AND PHYSICAL PROPERTIES OF SPECIMEN 2, SERIES II
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shown in Fig. 21. The maximum residual stress was 48 400 lb. per sq.
in. tension in the weld.
The physical properties of specimen 2, determined from tests of
tension specimens prepared from the strips resulting from the tests
to determine the residual stresses, are tabulated in Fig. 21. The stress-
strain curves of the five central strips and the two outside strips are
given in Fig. 22. The stress-strain curves of the other strips were not
determined because the two outside strips and strips 6 and 10 had
almost identical physical properties and their stress-strain curves were
almost identical. The data indicate, in agreement with Series I, that
the weld and the adjacent heat-affected base metal had a significantly
higher yield point, a somewhat higher ultimate strength, and lower
elongation and reduction of area than the unaffected base metal.
The behavior of specimen 2 was determined from the stress-strain
diagrams by the analytical method described in Section 6. Figure 23
Stra'in
FIG. 22. STRESS--STRAIN CURVES FOR VARIOUS STRIPS
OF SPECIMEN 2, SERIES II
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shows the resulting stress-strain curve for the specimen as a whole,
superimposed upon the stress-strain curves of various strips. The same
stress-strain curve is also given on Fig. 24. The stress distribution for
specimen 2 under various strains, as determined by analysis, is shown
in Fig. 25.
The tests of specimens 0, 1, and 3 of Series II were conducted in
the same manner as the tests of Series I, except that more gage lines
were used because the specimens were wider, there being seven gage
lines on each side of each plate, as shown in Fig. 20.
Specimen 0 was a plate without weld used as a control specimen. It
developed a yield point of 37 400 lb. per sq. in. and an ultimate
strength of 67 200 lb. per sq. in. The elongation in 8 in. was 38.3 per
cent, and the reduction of area 34.6 per cent. The stress-strain curve is
shown in Fig. 24, along with those of other specimens. Photographs of
the specimen after failure and of the fracture are shown in Figs. 26
and 27, respectively, along with those of other specimens.
Specimen 1 was pulled continuously to failure. It developed a yield
point of 38 800 lb. per sq. in. and an ultimate strength of 70 000 lb.
per sq. in. The elongation in 8 in. was 27.3 per cent, and the reduction
of area 26.7 per cent. The fracture was of a shear type (Figs. 26
and 27).
Specimen 3 was pulled to an average stress of 36 400 lb. per sq. in.,
released to 950 lb. per sq. in., and then pulled to failure. The stress-
strain curve, at the right of Fig. 24, indicates that the stress-strain
diagram for reloading was a straight line, the same as for specimen 3,
Series I. The specimen developed a yield point of 39 800 lb. per sq. in.
and an ultimate strength of 69 000 lb. per sq. in. The elongation in 8
in. was 27.0 per cent, and the reduction of area 26.1 per cent. The
fracture was of a shear type (Figs. 26 and 27).
The results of static tests of Series II are summarized in the fol-
lowing table:
Yield Point Ultimate Elongation Reduction
Specimen No. Yield Point Strength in 8 in. of Area
lb. per sq. in. lb. per sq. in. per cent per cent
Average of two coupon
specimens. ........ 36 320 68 210 28.3 48.4
No. 0............... 37 400 67 200 38.3 34.6
No. 1............... 38 800 70 000 27.3 26.7
No. 3 ............... 39 800 69 000 27.0 26.1
No. 2* .............. 38 500 70 000 . . ....
*Obtained by analysis; the ultimate strength was based upon an elongation of 27 per cent,
the elongation by tests of the similar specimens 1 and 3.
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FIG. 25. STRESS DISTRIBUTION UNDER VARIOUS STRAINS,
BY ANALYSIS; SPECIMEN 2, SERIES II
In agreement with the tests of Series I, the tests of Series II show
the following:
The stress-strain curves for specimens 1 and 3, determined by tests,
and the one for specimen 2, determined by the analysis described in
Section 6, all given in Fig. 24, show a remarkable resemblance. The
elongation was greater for the welded specimens than for the control
specimen without a weld at loads below the yield point, but was less
for the welded specimens than for the specimen without a weld at loads
above the yield point. The welded specimens tested had a higher yield
point (average 39 300 lb. per sq. in.), and a slightly higher ultimate
strength (average 69 500 lb. per sq. in.), but a lower elongation and
I
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FIG. 26. SPECIMENS OF SERIES II AFTER FAILURE
FIG. 27. FRACTURE OF SPECIMENS; SERIES II
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reduction of area than the control specimen without a weld. The
welded specimen 3 behaved elastically during the release of the load
and during reloading. The average elongation in 8 in. for the welded
specimens 1 and 3 was 27.2 per cent, which was higher than for the
strip containing the weld for specimen 2 (10.5 per cent). This is be-
lieved to be due in part to the smaller ratio of width to gage length
for the strip containing the weld than for specimen 3 as a whole, and
in part also to the fact that the metal adjacent to the weld metal
enabled the weld metal to elongate more than it would as a separate
strip. The welded specimens developed an ultimate strength equal,
approximately, to the calculated value for specimen 2, when the latter
was based upon an elongation at failure of 27 per cent, the actual
elongation for the similar specimens 1 and 3.
9. Tests of Specimens Consisting of Two Plates Connected with a
Longitudinal Butt Weld; Series III. Specimens 40 in. x /4 in.-The
object of the tests of Series III* was to determine the effect of longi-
tudinal butt welds upon the strength and ductility of large steel plates
when loaded in tension. It is known that the simultaneous heating of
longitudinal strips on each side of a weld to a temperature of approxi-
mately 500 deg F. will considerably reduce the longitudinal thermal
stresses in and adjacent to the weld. Tests of welded plates stress-
relieved and of similar plates not stress-relieved were made to de-
termine whether or not the stress-relieving affected the strength and
ductility of the plate as a whole. Tests were also made upon similar
plates without welds, and the results of these tests were used as a basis
for judging the performance of the welded plates.
There were duplicate specimens of each of five types. The nominal
dimensions, shown in Fig. 28, were the same for all. The specimens,
which differed in the welding and stress-relieving, are described in
Table 1. Specimens Al and A2 were plates without welds in the as-
rolled condition. Specimens B and D were welded with the Unionmelt
process, the B specimens being tested in the as-welded condition, and
the D specimens being stress-relieved. Specimens C and E were welded
manually with a metallic arc, the C specimens being tested in the as-
welded condition, and the E specimens being stress-relieved. The plates
for all specimens, except one of the A specimens, were from the same
heat. The physical properties of the plates determined by tests of
* The tests of Series III were commercial tests made for the Linde Air Products Company
and Section 9 of this Bulletin is taken from the Report of Tests submitted to the Company. The
report of the tests is included in this Bulletin with the knowledge and consent of the Company.
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FIG. 28. NOMINAL DIMENSIONS OF SPECIMENS; SERIES III
0.505-in. round tension specimens were as follows: yield point, 36 000
lb. per sq. in.; ultimate strength, 65 300 lb. per sq. in.; elongation in
2 in., 33.5 per cent; and reduction of area, 51.5 per cent.
The tests were made in the 3 000 000-lb. Southwark-Emery testing
machine in the Arthur Newell Talbot Laboratory of the University of
Illinois. The specimens were bolted to pin-connected pulling heads as
shown in Fig. 29. These pulling heads assured an even distribution of
the stress across the plate.
Longitudinal strains were measured with mechanical strain gages
over the constant-width portion of the specimen. The location of the
gage lines is shown on Fig. 30 for specimen A2, and on Fig. 34 for the
other specimens. Strains were read on both sides of the plate in all
instances, and the values reported are the average values for the
two sides.
TABLE 1
DESCRIPTION OF SPECIMENS; SERIES III
Specimen No. Welded Stresed
Al ........................... .. No No
A 2............................. N o N o
BI............................. With Unionmelt No
B2............................. W ith Unionmelt No
Cl............................. M anual weld No
C2............................. M anual weld No
Dl ............................. W ith Unionmelt Yes
D2............................. W ith Unionmelt Yes
El............................. M anual weld Yes
E2............................. M anual weld Yes
ILLINOIS ENGINEERING EXPERIMENT STATION
FIG. 29. SPECIMEN A2 IN 3 000 000-LB. TESTING MACHINE
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FIG. 30. LOCATION OF GAGE LINES; SPECIMEN A2
The dimensions of the plates were measured before and after test-
ing, the width being measured with a six-foot rule and the thickness
with a micrometer caliper.
Specimen A2, a plate with-
out a weld, was the first one to
be tested. Its general appear-
ance is shown by Fig. 29. In
measuring the strain, the dis-
tance between gage holes was
transferred by means of divid-
ers to a steel scale graduated 0
to 0.01 in. A complete set of $
readings was taken at the ini-
tial load of 60 000 lb., which
corresponds to a unit stress of
2 000 lb. per sq. in. The read- 4
ings at this load were used as a I
base in determining the plastic
elongation at subsequent loads.
The plastic elongation in 11
in., on a transverse section at
mid-length, is shown by the dia-
r-. Vm Q 1 T+ ; f I +
gX IO gi I A^. ti. b 10 UI lolnler
est to note that the elongation FIG. 31. ELONGATION ON 11-IN.
was quite uniform across the GAGE LINES AT MID-LENGTH,
PLATE WITHOUT WELD;
plate at mid-length at a load SPECIMEN A2
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FIG. 32. RELATION BETWEEN AVERAGE STRESS AND AVERAGE STRAIN AT MID-
LENGTH, PLATES WITHOUT WELDS; SPECIMENS Al AND A2
of 1 800 000 lb., which was only 30 000 lb., or 1 000 lb. per sq. in.,
below the ultimate. The elongation after failure varied greatly over
the section at mid-length, as shown by the upper line of Fig. 31, even
though the fracture was a considerable distance below the center.
The relation between the average stress and the average strain on
the mid-section is shown by the diagram of Fig. 32a. This is very
similar to a typical stress-strain diagram for A.S.T.M., A7 steel as
given by tests of standard flat tension specimens.
The vertical elongation of the plate on 11-in. gage lines, the aver-
age values for the various sections at which measurements were made,
is shown by the diagram of Fig. 33. In this diagram, the horizontal
distance of a small open circle from the vertical base line at the left
represents the average vertical elongation at a section, and the vertical
position of the same small open circle indicates the position on the
plate of the section being considered. It is of interest to note that the
greatest elongation on an 11-in. gage line occurred about a foot below
(s, ^ .f. 0
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the mid-length of the plate. Figure
29 shows that failure occurred at
this location.
There was considerable necking
at the section of failure, the mini-
mum width after failure being 33/8
in. The thickness of the plate at b
the fracture, the average of the .
values at eight stations, was 0.506
in. The reduction in area was, o
therefore, from 39.9 x 0.75, or 29.93 I
sq. in., to 33.625 x 0.506, or 17.01 '
sq. in., a reduction of 43.2 per cent.
The average elongation was 26.2
per cent over the entire 77-in. gage r
length and 27.2 per cent over the .
central 72-in. gage length. The
greatest average elongation for any
11-in. gage length was 47.1 per cent
for the gage length in which failure
occurred. The average elongation
for the central 8 in. of this 11-in.
gage line was 48.7 per cent.
The maximum load carried by
the plate, 1 830 000 lb., corre- 4Ver a/ E/ga7n
sponds to 61 100 lb. per sq. in. The
yield-point stress was 31 000 lb. FIG. 33. ELONGATION AT VARIOUS
SECTIONS, PLATE WITHOUT
per sq. in. Both the strength and WELD; SPECIMEN A2
ductility of this plate were very
good. There was a very marked elongation from the time when the
maximum load was reached until failure occurred. This is consistent
with the fact that the elongation at the middle section increased from
13.75 per cent at a load of 1 800 000 lb. to 30.4 per cent at a load of
1 830 000 lb.
Specimen Al.-The test of specimen Al, a plate without a weld,
differed from the test of specimen A2 in that the vertical plastic strain
was measured on 8-in. gage lines instead of on 11-in. gage lines. More-
over, the strains were measured with a strain-gage instead of with
dividers and a scale. In other respects the test was the same as for
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FIG. 34. LOCATION OF GAGE LINES, ALL SPECIMENS EXCEPT A2
specimen A2. The location of the gage lines for specimen Al, and all
remaining specimens, is shown on Fig. 34.
The distribution across the plate of the strain on 8-in. gage lines
at mid-length is shown by the diagrams of Fig. 35. The distribution at
a load of 1 500 000 lb., the largest load before failure at which the
strain was measured, was very uniform. The elongation after failure is
shown by the diagram at the top of the figure.
The relation between the average stress and the average strain at
mid-length is shown by the diagram of Fig. 32b. The average vertical
elongation at various sections,
measured after failure on 8-in.
gage lines, is shown by the dia-
gram of Fig. 36, which is similar
to the diagram of Fig. 33, pre-
viously described. The maximum
elongation on any 8-in. gage line,
the one whose center was 8 in.
below the center of the plate,
was 54.5 per cent. The average
elongation of the whole measured
length of 72 in. was 27.8 per
cent, and the reduction in area
was 44.7 per cent. Figure 37
shows a considerable reduction
in width, and indicates that the
fracture was a short distance
below mid-length where the FIG. 35. ELONGATION ON 8-IN. GAGE
LINES AT MID-LENGTH OF PLATE
greatest elongation occurred. WITHOUT WELD; SPECIMEN Al
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FIG. 37. SPECIMEN Al AFTER FAILURE,
FIG. 36. ELONGATION AT VARIOUS SEC- PLATE WITHOUT WELD
TIONS OF PLATE AFTER FAILURE, PLATE
WITHOUT WELD; SPECIMEN Al
The welded specimens had the same nominal dimensions as speci-
mens Al and A2 but, instead of being a single continuous plate, each
specimen was made of two plates of equal width connected with a
single longitudinal butt weld. Specimens B1, B2, Dl, and D2 were
welded with the Unionmelt process; specimens B1 and B2 were tested
in the as-welded condition, and specimens D1 and D2 were stress-
relieved before being tested. Specimens Cl, C2, El and E2 were welded
with a manually operated arc; specimens C1 and C2 were tested in
the as-welded condition, and specimens El and E2 were stress-relieved
before being tested. The method of testing was the same for the B, C,
I a, I
S-- pec/men B/
Unwnme/f k¼/'d
Load in /000's of(/b. :
K. ,-tS7 (6'/.ma'e)'
40
36
32
28
8
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FIG. 38. ELONGATIONS ON 8-IN. GAGE LINES AT MID-LENGTH;
UNIONMELT WELD AND MANUAL WELD As-WELDED
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FIG. 39. ELONGATIONS ON 8-IN. GAGE LINES AT MID-LENGTH;
UNIONMELT WELD AND MANUAL WELD STRESS-RELIEVED
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D, and E specimens as it was for the Al specimen, described in previ-
ous paragraphs.
For each specimen, the experimental data are shown by diagrams,
and the appearance of the specimen after failure is shown by a photo-
graph, these being similar to the diagrams and photograph for speci-
men Al, described in previous paragraphs. The plastic elongation in
8 in. on a section at mid-length, for the various specimens, is shown
by the diagrams of Figs. 38 and 39; the relation between average stress
and the average strain at mid-length is given by the diagrams of
Figs. 40 and 41; the elongation at various sections after failure is given
by the diagrams of Figs. 42 and 43; and the appearance of the speci-
mens after failure is shown by the photographs of Figs. 44 to 53,
respectively.
The results of the tests are summarized in Table 2 and are dis-
cussed in the following paragraphs.
Strength
The values of the yield-point stress for the various specimens,
given in column 3 of Table 2 and determined from the stress-strain
diagrams of Figs. 32, 40, and 41, indicate that there was no sig-
nificant difference in the values of the yield point for the various
specimens. Likewise, the ultimate strength, given in column 4 of
Table 2, had very nearly the same value for all specimens. There were,
however, two welded specimens for which the strength was somewhat
lower than the strength of the plates without welds. The average and
minimum values of the ultimate strength for the plates without welds
were 59 750 and 58 400 lb. per sq. in., respectively. The corresponding
average and minimum values of the ultimate strength for the plates
with welds were 59 290 and 56 500 lb. per sq. in., respectively. Two
welded specimens, B2 with a Unionmelt weld in the as-welded con-
dition, and E2 with a manual weld that had been stress-relieved, had
a minimum strength of 56 500 lb. per sq. in., a value equal to 94.6 per
cent of the average strength of the two plates without welds. The tests
reported in Table 2 apparently would support the following statement:
The longitudinal welds had no significant effect upon the strength
of the plates. This statement applies to the specimens welded manu-
ally, and to those welded by the Unionmelt process. It likewise applies
to the specimens that were not stress-relieved as well as to those that
were stress-relieved.
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1~
Specimen 1 BI BZ 82 CI CZ
Ultimate Load in lb. / 7S7000 1 690 000 1 78 000 / 820 000
AK. Slress in lb. per s/.. in. 9 500 56 500 60 900 60 700
Av. Stran over 72-/n. Gaae Lentglh 243% 25.1% 5.0% 24..%
40
o
30
20
/0 3: iH { {_ /per 11.
FIG. 40. RELATION BETWEEN AVERAGE STRESS AND AVERAGE STRAIN ON 8-IN. GAGE
LINES AT MID-LENGTH; UNIONMELT WELD AND MANUAL WELD AS-WELDED
- S.c.
Specimen, DI DZ E/ E2
Ultimate Load 'in lb. 815 000 / 740 000 / 830 000 / 670 000
Ay. Stress i'n lb. per s. in. 61 800 59800 62600 56500
Av. Srain over ?2-n. Gae Length 21.7% 253% 23.0% 6.9%
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FIG. 41. RELATION BETWEEN AVERAGE STRESS AND AVERAGE STRAIN ON 8-IN. GAGE
LINES AT MID-LENGTH; UNIONMELT WELD AND MANUAL WELD STRESS-RELIEVED
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Elongation
The elongation at failure, measured on a 72-in. gage length, is given
in column 5 of Table 2. The average and minimum values for the
plates without welds were 27.5 and 27.2 per cent, respectively. The
average and minimum values for the two pairs of specimens with
Unionmelt welds were 24.8 and 24.5 per cent, respectively, for the
pair tested in the as-welded condition, and 23.5 and 21.7 per cent,
respectively, for the pair that was stress-relieved before being tested.
The average and minimum values for the two pairs of specimens with
manual welds were 24.6 and 24.2 per cent, respectively, for the pair
tested in the as-welded condition, and 15.0 and 6.9 per cent, respec-
tively, for the pair that was stress-relieved before being tested. The
low average for the latter pair was due to the extremely low value
of 6.9 per cent for specimen E2.
The maximum elongation at failure in a single 8-in. gage length
is given in column 6 of Table 2. The average and minimum values
for the two plates without welds were 51.6 and 48.7 per cent, respec-
tively. The average and minimum values for the two pairs of speci-
mens with Unionmelt welds were 44.6 and 42.1 per cent, respectively,
for the pair tested in the as-welded condition, and 39.0 and 33.1 per
cent, respectively, for the pair that was stress-relieved before being
tested. The average and minimum values for the two pairs of speci-
mens with manual welds were 38.1 and 37.2 per cent, respectively, for
the pair tested in the as-welded condition, and 21.8 and 8.2 per cent,
respectively, for the pair that was stress-relieved before being tested.
The low average for the latter pair was due to the extremely low
value of 8.2 per cent for specimen E2.
The discussion in the preceding paragraphs apparently would indi-
cate that the elongation after failure on a 72-in. gage length was
90 per cent as great for plates with longitudinal untreated welds as
it was for plates without welds. This statement applies to both manual
welds and to Unionmelt welds. The elongation after failure on a 72-in.
gage length was less for the welded plates that had been stress-relieved
than it was for similarly welded plates not stress-relieved. The dif-
ference was not significant for the two plates with Unionmelt welds
and for one plate with a manual weld, but was very great for one plate
with a manual weld.
Character of Fracture
The variation in the plastic elongation across the width of the
specimens at mid-length is shown by the diagrams of Figs. 31, 35,
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FIG. 45. SPECIMEN B2 AFTER FAILURE;
UNIONMELT WELD As-WELDED
FIG. 44. SPECIMEN Bi AFTER FAILURE;
UNIONMELT WELD AS-WELDED
38, and 39, inclusive. It is of inter-
est to note that the elongation is
quite uniform across the plate at
loads up to approximately 80 per
cent of the ultimate, but that the
elongation after failure varied
greatly across the plate for all
specimens except E2, Fig. 39d. The
latter had a brittle-type fracture
on a straight transverse line, as
shown by Fig. 50.
he variation in the elongation FIG. 46. SPECIMEN C2 AFTER FAILURE
along the plate is represented by MANUAL WELD AS-WELDED
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FIG. 47. SPECIMEN D1 AFTER FAILURE; FIG. 48. SPECIMEN D2 AFTER FAILURE;
UNION MELT WELD STRESS-RELIEVED UNIONMELT WELD STRESS-RELIEVED
Fic. 49. FRACTURE OF SPECIMEN D1;
UNIONMELT WELD STRESS-RELIEVED
the diagrams of Figs. 33, 36, 42,
and 43, inclusive. Any horizon-
tal ordinate of these diagrams
represents the vertical elonga-
tion on the section correspond-
ing in position to the ordinate
considered. For all specimens
except E2, the portion of the
specimen adjacent to the frac-
ture elongated much more than
the remainder. This was due to
the necking adjacent to the
fracture, and is characteristic of
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plastic failures. Specimen E2 had a
brittle-type fracture, and the elon-
gation, shown on Fig. 43d, was
very uniform over the length of
the specimen, and had the low av-
erage value of 6.9 per cent.
The character of the fractures
is shown by Figs. 29, 37, and 44 to
53, inclusive. The ductile fractures
of the plates without welds, speci-
mens Al and A2, are apparent
from Figs. 29 and 37. The appear-
ance of these specimens is in ac-
cord with the large local elonga-
tion in the region of the fracture
shown by the diagrams of Figs.
33 and 36.
The fracture of specimen B1,
shown in Fig. 44, began at the
weld and extended slowly across
the plate in a nearly straight line.
The fact that the origin of the
crack was at mid-width was prob-
ablv due to the fact that the weld
FIG. 50. SPECIMEN E2 AFTER FAILURE; metal and heat-affected base metal
MANUAL WELD STRESS-RELIEVED had a lower ductility than the un-
affected base metal. The diagram
of Fig. 42a indicates that there was considerable elongation in the
region of fracture even though the fracture was on a nearly horizontal
straight line. The upper line of Fig. 38a indicates that the elongation
at failure was somewhat greater at the edges than at the vertical center
line. This was due to the fact that the fracture began at the weld and
extended slowly to the edges, and the elongation at the edges continued
after the fracture had occurred at the weld.
The character of the fracture of specimen B2 is shown by the
photograph of Fig. 45 and the diagrams of Figs. 38b and 42b. This frac-
ture began at the weld and progressed rapidly to one edge along a
straight transverse line, but progressed more slowly and along a di-
agonal line on the other side of the weld.
The character of the fracture of the C specimens is apparent
from the photograph of Fig. 46, and the diagrams of Figs. 38c, 38d, 42c,
and 42d. The strength was as great, and the elongation in 72 in. was
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FIG. 51. LEFT PORTION OF FRACTURE; SPECIMEN E2
FIG. 52. CENTRAL PORTION OF FRACTURE; SPECIMEN E2
FIG. 53. RIGHT PORTION OF FRACTURE; SPECIMEN E2
nearly as great for both of these welded specimens as for the plates
without welds.
The fractures of the Dl and D2 specimens, shown in Figs. 47 and
48, were very similar to the fracture of B2. They began at the weld
and progressed rapidly to one edge along a straight transverse line,
but progressed more slowly and along a diagonal line on the other side
of the center line. Figure 49 shows that the crack in the weld passed
through a gage hole drilled with a No. 54 drill. Both of the D speci-
mens had a high strength and a fair ductility. The elongation of these
specimens is shown by the diagrams of Figs. 39a, 39b, 41a, 41b, 43a,
and 43b.
Specimen El had a high strength and a fair ductility. The elonga-
tion is shown by the diagrams of Figs. 39c, 41c, and 43c. The strength
of E2 was 94.6 per cent of the average strength of the plates without
welds, but its elongation was very low, being only 25 per cent of the
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average elongation of the plates without welds. Moreover, Fig. 50
shows that there was very little elongation or reduction of area at the
section of failure. This is also borne out by the diagrams of Figs. 39d,
41d, and 43d. The macrographs of Figs. 51, 52, and 53 show the her-
ringbone pattern characteristic of fractures of brittle materials. If the
criterion that "the herringbone pattern points to the origin of the
fracture" holds in this case, Figs. 51, 52, and 53 would indicate that
the fracture began at the right-hand edge and progressed across the
plate. The fracture was instantaneous and was accompanied by a
loud report.
In general, the fractures of plates with longitudinal welds began at
the weld and extended in both directions. The fact that the origin
of the fracture was at the weld is attributed to the fact that the weld
metal and the heat-affected base metal had less ductility than the un-
affected base metal.
10. Tests of Specimens Consisting of Two Plates Connected with a
Longitudinal Butt Weld; Conclusions.-The results of static tests of
specimens consisting of two plates connected with a longitudinal butt
weld may be summarized as follows:
Series I and II
The static tests of Series I (specimens 5 in. x % in.) and Series II
(specimens 12 in. x % in.) were in agreement in that they both sup-
ported the following conclusions:
(1) The stress-strain curves determined by tests and those de-
termined by the analysis of Section 6 agreed closely. The deformation
was greater for the welded specimens than for a similar control speci-
men without a weld at loads below the yield point, but was less for
the welded specimens than for the control specimen at loads above
the yield point. The strain of the welded specimen was elastic when
the load was released from above the yield point and reloaded. The
welded specimens had a higher yield point, and a slightly higher ulti-
mate strength, but a lower elongation and reduction of area than the
control specimens.
(2) The elongation at failure was significantly greater for the
welded specimen than it was for the strip containing the weld cut
from a similar welded specimen.
(3) Loading a welded specimen beyond the yield point and then
releasing the load greatly reduced the residual stresses, but did not
appreciably affect either the subsequent strength or ductility of the
specimen.
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Series III
The results of the tests of Series III, specimens 40 in. x % in. with
a longitudinal butt weld on the center line, may be summarized as
follows:
(1) The longitudinal welds had no significant effect upon the
strength of the plates. This statement applies to the specimens welded
manually, and to those welded by the Unionmelt process. It likewise
applies to the specimens that were not stress-relieved as well as to
those that were stress-relieved.
(2) The elongation after failure on a 72-in. gage length was 90
per cent as great for plates with longitudinal untreated welds as it
was for plates without welds. This statement applies to both manual
welds and to Unionmelt welds. The elongation after failure on a
72-in. gage length was less for the welded plates that had been stress-
relieved than it was for similarly welded plates not stress-relieved.
The difference, however, was not significant for the two plates with
Unionmelt welds, and for one plate with a manual weld, but was very
great for one plate with a manual weld.
(3) In general, the fractures of plates with longitudinal welds
began at the weld, and extended in both directions. The fact that the
origin of the fracture was at the weld is attributed to the fact that
the weld metal and the heat-affected base metal have less ductility
than the unaffected base metal. For the specimen with a stress-
relieved manual weld that failed with a brittle fracture, the origin of
the fracture was at the edge of the specimen.
(4) The plastic elongation of specimens consisting of two plates
connected with a longitudinal butt weld was significantly greater than
the elongation of a narrow strip containing the weld cut from similar
welded specimens. Moreover, the plastic elongation of specimens con-
sisting of two plates connected with a longitudinal butt weld was
significantly greater for wide specimens than it was for narrow
specimens, the elongation on an 8-in. gage length being of the order
of 17 per cent, 27 per cent, and 36 per cent for specimens with widths
of 5 in., 12 in., and 40 in., respectively.
IV. TESTS TO DETERMINE THE BEHAVIOR UNDER STATIC LOADS
OF PLATES WITH CIRCULAR WELDED SEAMS
11. Description of Specimens.-The tests were made to determine
the behavior under static loads of plates with circular welded seams.
The details of the specimens are shown in Fig. 54a. The residual
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FIG. 54. SPECIMENS WITH CIRCULAR WELDED SEAMS
stresses in plates with circular welded seams are bi-axial,* and the
tests were planned to determine the effect of uni-axial loads on plates
containing bi-axial residual stresses.
The three specimens used for static tests each had a circular
welded seam, the diameters of the circles being 4 in., 6 in., and 8 in.,
respectively, for the three specimens. In order to determine the mag-
nitude of the residual stresses in the static specimens, the residual
stresses in three other plates with similar circular welded seams were
determined by the method of relaxation. The specimens for the latter
tests are shown in Fig. 54c.
All specimens were cut from a 72-in. x %-in. x 5-ft. carbon-steel
plate. This plate was from the same heat as the plate for the specimens
of Series II, Section 8. The location of the specimens in the parent
plate is shown in Fig. 54d. The chemical composition of the plate as
determined by mill analysis was C, 0.25 per cent, Mn, 0.47 per cent,
* There are also highly localized stresses normal to the plate adjacent to the welds.
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P, 0.018 per cent, S, 0.027 per cent, and Si, 0.06 per cent. The physical
properties of the plate as determined by laboratory tests of 1%-in.
standard tension specimens were as follows:
Specimen No.
Z 12 .................
Z 23 .................
Average.............
Yield Point
lb. per sq. in.
36 700
36 700
36 700
Ultimate
Strength
lb. per sq. in.
69 600
68 000
68 800
Elongation
in 2 in.
per cent
47.0
49.5
48.3
Reduction
of Area
per cent
47.5
49.8
48.7
The plates used to determine the residual stresses had a nominal
size of 12 in. x % in. x 20 in. They were flame cut from the parent
plate, and the cut edges were machined off 1/% in. Circular grooves
were cut on both sides of the plates preparatory to the welding, as
shown in Figs. 54b and 54c. The weld consisted of six beads, three on
each side of the plate as shown in the figure.
The three specimens used for static tests, shown in Fig. 54a, had
the same dimensions and details, except for the circular welds, as the
specimens used in the tests of Series II, Section 8.
12. Determination of Residual Stresses.-Gage rosettes of 2-in.
diameter were laid off on both sides of the plates, located as shown
in Fig. 55. In order to relax the stresses, the plates were sawed into
blocks according to the plan of the same figure. Gage readings were
taken with a 2-in. Berry gage both before and after sawing. The dif-
ference between the two sets of gage readings gave the recovery of
the plates from which the residual stresses were computed.
The residual stresses in the three plates, determined in the manner
just described, are shown in Figs. 56, 57, and 58, respectively. Due
to the fact that the plates were somewhat warped after welding, some
plastic deformation may have been introduced by clamping during
sawing, thus introducing some error in the results. However, although
the results may not be quantitatively accurate in every detail, they
may be taken as a qualitative indication of the order of the residual
stresses.
The results revealed that there were quite large bi-axial tensile
stresses in the weld of all plates and also in the portion of the plates
enclosed by the circular welded seam for plates with a circular welded
seam of small diameter. Moreover, some residual stresses were of the
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FIG. 57. RESIDUAL STRESSES IN PLATE R2; DIAMETER
OF CIRCULAR WELDED SEAM 6 IN.
FIG. 58. RESIDUAL STRESSES IN PLATE R3; DIAMETER
OF CIRCULAR WELDED SEAM 8 IN.
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order of the yield point of the base metal. The residual stresses at
points near the edges of the plates were predominantly uni-axial com-
pression parallel to the edges.
13. Static Tests.-Static tests were made on specimens with circu-
lar welded seams of 4 in., 6 in., and 8 in. diameter. The specimens
had the same outline and were cut from plates of the same heat as the
specimens of Section 8, shown in Fig. 19. The central portion of the
specimens (width, thickness, quality of steel, size and welding pro-
cedure for welded circular seam), was the same for the specimen tested
statically as it was for the specimens of Section 12 used in the deter-
mination of the residual stresses. It may be presumed, therefore, that
the residual stresses in the specimens tested statically were of the same
order as the residual stresses determined for the specimens of Sec-
tion 12. The load was applied through pin-connected pulling heads,
the same as for the specimens of Section 8.
Specimen 1 was a plate with a 4-in. diameter circular welded seam
at the center. Longitudinal strains were measured on three sections:
through the center of the circular seam and 5 in. each side of the
center. The position of the gage lines is shown in Fig. 59a. There was
a distinct drop of the beam at an average stress of 35 700 lb. per sq.
in., which was taken as the yield point of the portion of the plate out-
side the welded seam. The ultimate strength of the specimen was
67 500 lb. per sq. in. Failure occurred through the upper gage holes at
section BB, as indicated in Fig. 59a; and the fracture, shown by the
left photograph of Fig. 60, was a shear-type failure. The elongation in
2 in. was 48.0 per cent,. and the reduction of area 34.1 per cent. The
average-stress-average-strain curves for the specimen are shown in
Fig. 59a. The fracture of the specimen is shown in Fig. 61.
Specimen 2 was a plate with a 6-in. diameter circular welded seam
at the center. Londitudinal strains were measured on three sections:
through the center of the circular seam and 5 in. each side of the
center. The position of the gage lines is shown in Fig. 59b. There was a
drop of the beam at an average stress of 37 400 lb. per sq. in., which
was taken as the yield point of the portion of the plate outside the
welded seam. The ultimate strength of the specimen was 70 500 lb.
per sq. in. The specimen failed through the upper gage holes at section
BB, as indicated in Fig. 59b, and the fracture was of a shear type over
the middle third, and was of a brittle type on the outside portions, as
shown in Figs. 60 and 61. The elongation in 2 in. was 33.4 per cent and
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FIG. 60. SPECIMENS WITH CIRCULAR WELDED SEAMS AFTER FAILURE
FIG. 61. FRACTURE OF SPECIMENS WITH CIRCULAR WELDED SEAMS
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the reduction of area, 23.1 per cent. The average-stress-average-strain
curves for the specimen are shown in Fig. 59b.
Specimen 3 was a plate with an 8-in. diameter circular welded
seam at the center. Strains were measured on three sections: through
the center of the circular seam and 6 in. each side of the center.
The position of the gage lines is shown in Fig. 59c. There was a drop
of the beam at an average stress of 37 600 lb. per sq. in., which was
taken as the yield point of the portion of the plate outside of the
welded seam. The ultimate strength of the specimen was 71 200 lb. per
sq. in. The specimen failed through the upper gage holes at section
BB, as indicated in Fig. 59c, and the fracture was of a shear type over
the middle third and was of a brittle type on the outside portions, as
shown in Figs. 60 and 61. The elongation in 2 in. was 32.7 per cent,
and the reduction of area 22.7 per cent. The average-stress-average-
strain curves for the specimen are shown in Fig. 59c.
The results of the static tests of the three specimens with circular
welded seams are summarized in the following table:
Specimen No. Yi ld Point Ultimate Elongation Reduction
Specimen No. ied t Strength in 2 in. of Area
lb. per sq. in. lb. per sq. in. per cent per cent
Average of two coupon
specimens. ........ 36 700 68 800 48.3 48.7
No. 1............... 35 700 67 500 48.0 34.1
No. 2 ............... 37 400 70 500 33.4 23.1
No. 3............... 37 600 71 200 32.7 22.7
Specimens 2 and 3 developed a slightly higher yield point and ulti-
mate strength than the standard tension specimens, but specimen 1
developed a slightly lower yield point and ultimate strength.
All specimens failed outside the circular seam. The fracture of
specimen 1 indicated a shear failure. The fracture of specimens 2 and
3 indicated that the failure started at the middle with a shear type of
fracture, which changed to a brittle type of fracture as it progressed
from the middle toward the edges.
The average-stress-average-strain curves for sections outside of
the welded circular seam are very much alike for all specimens. The
deformation at these sections for loads below the yield point was
greater than that for a plate without a weld. This fact is due to the
presence of longitudinal tensile and transverse compressive residual
stresses in the mid-width portion of the plate at sections B and C.
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The average-stress-average-strain curves for the section through
the center of the circular seam show no clear yield point for any of
the specimens. The deformation was less for the section through the
center of the circular seam than for the sections outside the circular
seam at loads above the yield point. At loads below the yield point,
the deformation varied according to the diameter of the circular seam,
and at mid-length was greatest for the specimen with a 4-in. diameter
seam and, for this specimen, was greater at mid-length than at sec-
tions outside the seam. The deformation at mid-length was smallest
for the specimen with an 8-in. diameter seam and, for this specimen,
it was less than that for sections outside the welded seam.
Specimens 12 in. x % in. with welded circular seams of 4-in., 6-in.
and 8-in. diameters, had bi-axial residual stresses in the region ad-
jacent to the welded circular seam of the order of the yield point of
the steel. They failed, however, outside of the region containing the
weld, and at an ultimate load slightly greater than the load carried
by the specimen of Section 8, which contained no weld of any kind
but which had the same dimensions and was from the same heat of
steel as the specimens with welded circular seams.
V. FATIGUE TESTS OF PLATES WITH LONGITUDINAL BUTT WELDS
14. Fatigue Tests of Plates with Longitudinal Butt Welds; Pre-
liminary Series.-Fatigue tests were made to determine the effect of
residual stresses upon the fatigue strength of plates with longitudinal
butt welds. Four specimens were used in the preliminary tests. They
were from the same parent plate and were geometrically identical with
the specimens used in the static tests of Series I, Section 7. The de-
tails of the specimens, and the welds and the location of the speci-
mens in the parent plate are shown in Fig. 10.
Specimen 2, the first specimen to be tested in fatigue, was tested in
the as-welded condition on a cycle in which the stress varied from zero
to 30 000 lb., per sq. in. tension. It failed at 253 000 cycles. The frac-
ture, shown at the top of Fig. 62, started in the weld at a section near
the end of the constant-width portion. The remaining specimens were
tested after the reinforcement had been removed.
Specimens 1, 4, and 5 had their surfaces planed and draw-filed
before being tested. The stress cycles for specimens 1, 4, and 5 were
+ 26 000 to - 26 000 lb. per sq. in., + 20 000 to - 20 000 lb. per
sq. in., and + 16 000 to - 16 000 lb. per sq. in., respectively. The
cycles for failure for the same specimens were 19 900, 213 000, and
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FIG. 62. FRACTURES OF SPECIMENS 2 AND 4; PRELIMINARY FATIGUE TESTS
195 000, respectively. The fracture started in the weld at a section
near the end of the constant-width portion for all specimens. The
fractures were much alike, and there were no flaws in any of the welds.
A photograph of specimen 4 after failure is shown at the right of
Fig. 63. The fractures of specimens 2 and 4 are shown in Fig. 62.
15. Fatigue Tests of Plates with Longitudinal Butt Welds; Final
Series.-Twelve specimens, made from a single 72-in. x 7/%-in. x 96-in.
carbon-steel plate, were tested in fatigue for the final series. Each
specimen, except 1 and 7, had a longitudinal butt weld on the center
line. Specimens 1 and 7, which had no welds and which were cut from
the same parent plate as the welded specimens, were used as controls.
Welded specimens 2, 6, 9, and 10 were stress-relieved by pre-stressing
beyond the yield point before testing in fatigue. The details of the
specimens and of the welds and the location of the specimens in the
parent plate are shown in Fig. 64. The physical properties of the plate
as determined by laboratory tests of 1 2 -in. standard flat specimens,
the average of six tests, were as follows: yield point, 32 820 lb. per
sq. in.; ultimate strength, 60 930 lb. per sq. in.; elongation in 8 in.,
30.9 per cent; and reduction of area, 52.2 per cent. The surfaces for
all specimens were machined and draw-filed. The fractures for speci-
mens 3 and 5 are shown in Fig. 65.
A description of the specimens, the stresses in the stress cycles, and
the number of cycles for failure for both the preliminary and the
final series of tests are given in Table 3. The two columns at the right
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FIG. 63. FATIGUE SPECIMENS AFTER FAILURE
TABLE 3
SUMMARY OF RESULTS; FATIGUE TESTS OF SPECIMENS CONSISTING OF PLATES
CONNECTED WITH LONGITUDINAL BUTT WELDS
Description
Welded Specimens;
Planed and draw-filed
Planed and draw-filed
Planed and draw-filed
Plates Without Welds;
Planed and draw-filed
Planed and draw-filed
Welded Specimens;
Planed and draw-filed
Planed and draw-filed
Planed and draw-filed
Planed and draw-filed
Welded Specimens Pulled
to Yield Point;
Planed and draw-filed
Planed and draw-filed
Planed and draw-filed
Planed and draw-filed
Stress
Cycle
Number of
Cycles for
Failure
19 900
213 000
195 000
428 000
776 000
187 000
1 105 000
961 000
547 000
84 900
197 000
465 000
1 670 000
Fatigue Strength in 1000's
of lb. per sq. in.
n100 00
100 000
21.5
22.0
17.5
Av. 20.3
26.0
Av. 26.0
21.4
19.6
Av. 20.5
21.6
21.6
24.0
Av.22.2
2 000 000
Specimen
No.
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FIG. 64. SPECIMENS USED FOR FINAL SERIES OF FATIGUE TESTS;
PLATES WITH LONGITUDINAL BUTT WELDS
give the fatigue strengths corresponding to failure at 100 000 and
2 000 000 cycles. These values were obtained from the actual stress
in the stress cycle, and the actual number of cycles for failure, by the
use of the empirical equation* F = S (N) K , in which S is the actual
stress in the stress cycle, N is the actual number of cycles for failure,
K is an experimental constant, and F is the fatigue strength corre-
sponding to failure at n cycles. A value of K = 0.13 was used for
these tests.
The limited number of fatigue tests of plates 5 in. x % in., with
surfaces machined and draw-filed, indicate that
(1) Plates with longitudinal butt welds had a somewhat lower
fatigue strength than similar plates without welds. This was true for
*See Appendix B, Univ. of Ill. Eng. Exp. Sta. Bulletin 302.
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FIG. 65. FRACTURES OF WELDED SPECIMENS 3 AND 5; FINAL FATIGUE TESTS
specimens that had been stress-relieved by pre-stressing to the yield
point as well as for specimens that had not been stress-relieved.
(2) Welded plates with high residual stresses had a slightly lower
fatigue strength in the as-welded condition than similar plates stress-
relieved by pulling to the yield point, but the difference did not exceed
the scatter of the various tests.
VI. SUMMARY
16. Summary.-The static tests of Series I and II, specimens
5 in. x % in. and 12 in. x % in., respectively, each consisting of two
plates connected with a longitudinal butt weld, were in agreement
in that both series supported the following conclusions:
(1) The stress-strain curves determined by tests and those de-
termined by the analysis of Section 6 agreed closely. The deformation
was greater for the welded specimens than for a similar control speci-
men without a weld at loads below the yield point, but was less for the
welded specimens than for the control specimen at loads above the
yield point. The strain of the welded specimen was elastic when
the load was released from above the yield point and the specimen re-
loaded. The welded specimens had a higher yield point, a slightly
higher ultimate strength, but a lower elongation and reduction of area
than plates without welds used as control specimens.
(2) The elongation at failure was significantly greater for the
welded specimen than it was for the strip containing the weld cut
from a similar welded specimen.
BUL. 361. RESIDUAL STRESSES IN WELDED STRUCTURES
(3) Loading a welded specimen beyond the yield point, and then
releasing the load, greatly reduced the residual stresses, but did not
appreciably affect either the subsequent strength or ductility of the
specimen.
The results of static tests of Series III, specimens 40 in. x % in.,
consisting of two plates connected with a longitudinal butt weld, may
be summarized as follows:
(4) The longitudinal welds had no significant effect upon the
strength of the plates. This statement applies to the specimens welded
manually, and to those welded by the Unionmelt process. It likewise
applies to the specimens that were not stress-relieved as well as to
those that were stress-relieved.
(5) The elongation at failure on a 72-in. gage length was 90
per cent as great for plates with longitudinal untreated welds as it
was for plates without welds. This statement applies to both manual
welds and to Unionmelt welds. The elongation after failure on a 72-in.
gage length was less for the welded plates that had been stress-
relieved than it was for similarly welded plates not stress-relieved.
The difference, however, was not significant for the two plates with
Unionmelt welds and for one plate with a manual weld, but was very
great for one plate with a manual weld.
(6) In general, the fractures of plates with longitudinal welds
began at the weld and extended in both directions. The fact that the
origin of the fracture was at the weld is attributed to the fact that
the weld metal and the heat-affected base metal have less ductility
than the unaffected base metal.
(7) The plastic elongation of specimens consisting of two plates
connected with a longitudinal butt weld was significantly greater than
the elongation of a narrow strip containing the weld cut from a similar
welded specimen. Moreover, the plastic elongation of specimens con-
sisting of two plates connected with a longitudinal butt weld was
significantly greater for a wide specimen than it was for narrow
specimens, the elongation on an 8-in. gage length being of the order
of 17 per cent, 27 per cent, and 36 per cent for specimens with widths
of 5 in., 12 in., and 40 in., respectively.
The results of static tests of plates with circular welded seams may
be summarized as follows:
(8) Specimens 12 in. x % in. with welded circular seams of 4-in.,
6-in., and 8-in. diameters, had bi-axial residual stresses in the region
adjacent to the welded circular seam of the order of the yield point
of the steel. When tested statically, they failed outside of the region
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containing the weld, and at an ultimate load slightly greater than the
load carried by the specimens of Section 8, which contained no weld
of any kind, but which had the same dimensions and were from the
same heat of steel as the specimens with welded circular seams.
A limited number of fatigue tests of plates 5 in. x % in., with sur-
faces machined and draw-filed, indicate that
(9) Plates with longitudinal butt welds and with surfaces planed
and draw-filed had a somewhat lower fatigue strength than similar
plates without welds. This was true for specimens that had been stress-
relieved by pre-stressing to the yield point, as well as for specimens
that had not been stress-relieved.
(10) Welded plates with high residual stresses had a slightly lower
fatigue strength than those stress-relieved by pulling to the yield
point, but the difference did not exceed the scatter of the various tests.
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